ABSTRACT: Activated persulfate oxidation is an effective in situ chemical oxidation process for groundwater remediation. However, reactivity of persulfate is difficult to manipulate or control in the subsurface causing activation before reaching the contaminated zone and leading to a loss of chemicals. Furthermore, mobilization of heavy metals by the process is a potential risk. An effective approach using iron electrodes is thus developed to manipulate the reactivity of persulfate in situ for trichloroethylene (TCE) degradation in groundwater and to limit heavy metals mobilization. TCE degradation is quantitatively accelerated or inhibited by adjusting the current applied to the iron electrode, following k 1 = 0. ) and volume normalized current (A/ m 3 ), respectively. Persulfate is mainly decomposed by Fe 2+ produced from the electrochemical and chemical corrosion of iron followed by the regeneration via Fe 3+ reduction on the cathode. SO 4 •− and · OH cocontribute to TCE degradation, but ·OH contribution is more significant. Groundwater pH and oxidation−reduction potential can be restored to natural levels by the continuation of electrolysis after the disappearance of contaminants and persulfate, thus decreasing adverse impacts such as the mobility of heavy metals in the subsurface.
■ INTRODUCTION
Contamination of groundwater by toxic and persistent organics such as trichloroethylene (TCE) has been a worldwide environmental problem for decades, 1, 2 and effective remediation is still a challenge. In situ chemical oxidation (ISCO) has been developed as a technique of interest because the remediation is fast and relatively cost-effective. 3−5 Oxidants commonly used in ISCO include H 2 O 2 , permanganate, and persulfate. 4 H 2 O 2 catalyzed by Fe(II) is powerful for organics oxidation, 6, 7 but the decomposition of H 2 O 2 in the subsurface is rapid, resulting in a low utilization efficiency. Permanganate can be consumed by soil organic matter, and its reactivity is limited to alkenes and benzene derivatives containing ring activating groups. 8, 9 Persulfate, a relatively newly developed oxidant for use in ISCO, has received more attention because of its potential advantages over H 2 O 2 and permanganate. 10−18 Persulfate (oxidation potential: 2.01 V, eq 1) is relatively stable due to its slow reaction kinetics with organics; 5 this offers the advantage of effective transport and a larger radius of influence in the subsurface with minimal loss. Upon activation (eqs 2−5), persulfate can be transformed into powerful oxidizing radicals, SO 4 •− (oxidation potential: 2.4 V) and ·OH (oxidation potential: 2.8 V), 5, 12 which are able to degrade organics. 
For ISCO applications, persulfate is activated mainly by heat, base, and transition metals. 5, 12 Heating groundwater is energy intensive 19, 20 and increasing groundwater pH to above 12 is costly, 21, 22 particularly for bicarbonate buffered groundwater. Activation by Fe 2+ is not practical because the reaction is almost instantaneously stalled due to the SO 4 •− scavenging by excess Fe 2+ or rapid oxidation of Fe 2+ to Fe 3+ . 12 Fe(II) chelated by organic acids is effective in activating persulfate, 23−26 but the added organic acids consume more persulfate. It is also environmentally risky to inject chelating agents such as ethylenediamine-tetraacetic acid (EDTA) into the subsurface. 25, 26 The significant loss of persulfate due to decomposition before reaching the contaminated zone is a challenge for in situ implementation. Moreover, it is difficult or even impractical to manipulate the reactivity of persulfate in the subsurface for contaminants degradation by activated persulfate after injection of activating agents and persulfate. In addition, the decrease in groundwater pH from persulfate decomposition presents potential risks, including impacting aquifers geochemistry and causing leaching of heavy metals in the subsurface. 4, 5 These challenges sometimes lead to inefficient implementation due to the loss of persulfate during transport and injection, uncontrolled reaction rate, and potential secondary pollution.
In situ electrolysis by iron electrodes provides options to resolve these challenges: (1) By applying a positive current using an iron anode, Fe 2+ is continuously produced in situ by anodic corrosion (eq 6). 27 
We hypothesize that the reactivity of persulfate in the subsurface can be electrolytically manipulated by iron electrodes through quantitatively controlling Fe 2+ supply, and thus persulfate utilization, while inhibiting heavy metals leaching. To justify our hypothesis, this laboratory study investigates the manipulation of persulfate reactivity toward TCE degradation by iron electrodes. TCE is used as the representative of persistent toxic organics because it is frequently detected in contaminated groundwater. 2 , and CO in nitrogen, Supelco). Excess TCE was dissolved into 18.2 mΩ·cm high-purity water to form a TCE saturated solution (1.07 mg/mL at 20°C), which was used as the stock solution for preparing aqueous TCE solutions. Deionized water (18.0 MΩ·cm) obtained from a Millipore Milli-Q system was used in all the experiments. All the other chemicals used in this study were above analytical grade.
Experimental Procedure. A similar experimental setup as reported previously 32 is used for TCE degradation at ambient temperature. As shown in Figure S1 in the Supporting Information (SI), a 150 mL syringe with a plunger was connected to the cell, allowing gas expansion during electrolysis. Cast gray iron (76 mm length × 9.5 mm width × 3.2 mm thickness, MacMaster-Carr, USA) and mixed metal oxide (MMO, 85 mm length × 15 mm width × 1.8 mm thickness, IrO 2 /Ta 2 O 5 coating on titanium mesh type, 3N International, USA) were used as the two electrodes in parallel with 42 mm spacing. The overpotential of chlorine evolution on the MMO is measured to be 1.1 V (versus saturated calomel electrode). In a typical test, 390 mL of deionized water was transferred into the cell, 488 mg of sodium persulfate powder was dissolved to obtain an initial concentration of 5 mM, and 20 mL of TCE saturated water was finally added to produce an initial concentration of 0.40 mM (51.2 mg/L). The reactor was sealed immediately, and a constant current was applied. Stirring at 600 rpm was maintained using a Teflon-coated magnetic stirring bar. The solution pH was not controlled during the treatment, showing a quick decrease to about 3 within minutes of the start of the experiments. About 1 mL of aqueous solution was taken out at predetermined time intervals for analysis of TCE and persulfate. The solution was filtrated through a 0.2 μm micropore membrane (Whatman) and was then immediately mixed with 1 mL of methanol to quench further oxidation. Samples were collected for analysis of pH, ORP, total Fe(II), and iron concentrations. All the experiments were carried out at least in duplicate.
A divided electrolytic system was employed to evaluate the relative contributions of (1) Fe 2+ regenerated by Fe 3+ reduction on the MMO cathode and (2) the electrons donated by MMO cathode, to both TCE degradation and persulfate decomposition. The anodic compartment was separated from the cathodic compartment with a Nafion membrane. The solution in the working compartment consisted of 0.40 mM initial TCE concentration and 5 mM initial Na 2 S 2 O 8 concentration at an initial pH of 5.6, and the solution in the counter compartment consisted of concentrated Na 2 SO 4 to decrease electric resistance. The reactions in the anodic and cathodic compartments were examined independently. Iron and MMO were used as the anode and cathode, respectively. A constant current of 25 mA was applied.
For analysis of the degradation intermediates, the reactor holding 370 mL of deionized water was purged with He gas for 30 min to remove CO 2 before addition of the reactants. The initial concentrations of persulfate and TCE were set at 5 and 1.58 mM, respectively. A positive current of +100 mA was applied through the iron anode. One mL of aqueous solution was taken out at predetermined time intervals for analysis of TCE, persulfate, Cl − , and organic acids. Analysis. TCE and persulfate concentrations were measured by a 1200 Infinity Series HPLC (Agilent) equipped with a 1260 DAD detector and a Thermo ODS Hypersil C18 column (4.6 × 50 mm). The mobile phase was a mixture of acetonitrile and water (60:40, v/v) at 1 mL/min. The detection wavelength was 210 nm. CO 2 was absorbed in NaOH solution and measured for inorganic carbon by the TOC analyzer. 32 Chloride and carboxylic acidic intermediates were analyzed by a Dionex DX-5500 ion chromatograph. Gas concentrations of TCE and aqueous concentrations of CO 2 were calculated by Henry's law, and the sum of aqueous and gas concentrations was derived for mass balance analysis.
The concentration of total ferrous ion was determined at 510 nm using the 1,10-o-phenanthroline analytical method after dissolving the sample in 0.3 M HCl. 33 Total iron concentration was measured after reducing ferric ions to ferrous ions by hydroxylamine hydrochloride. Total ferric concentration is obtained from the difference between total iron concentration and total ferrous ion concentration. Cu 2+ was analyzed at 440 nm after coloration with sodium diethyldithiocarbamatre. 33 Radicals generated in the system were assayed by electron spin resonance (ESR). A 100 μL sample was collected from the reactor without addition of contaminants after reacting for 10 min. The sample was immediately mixed with 25 μL of 0.2 M DMPO to form a DMPO−radical adduct, which was then measured on a Bruker EMX ESR spectrum with microwave bridge (receiver gain, 5020; modulation amplitude, 2 G; microwave power, 6.35 mW; modulation frequency, 100 kHz; center field: 3525 G).
■ RESULTS AND DISCUSSION
Effect of Current on TCE Degradation and Persulfate Decomposition. (a). TCE Degradation. Figure 1a reveals that TCE degradation increases as the current applied through the iron electrode increases from −50 to +100 mA (or from −8.7 to 17.3 mA/cm 2 ). At +100 mA, more than 99% of TCE is transformed within 20 min in the samples with 0.40 mM initial TCE concentration and 5 mM initial persulfate concentration. Direct mixing of persulfate and TCE in the control experiments produced negligible transformation of TCE. In the absence of persulfate, electrolytic degradation of TCE is minimal within 30 min (SI Figure S2) . Therefore, the significant degradation of TCE by persulfate with increasing the current applied through an iron anode can be due to the activation of persulfate by iron electrolysis. TCE degradation is also significant under zero current (0 mA), which is consistent with the literature as zerovalent iron activates persulfate. 34−39 Fitting TCE transformation by pseudo first-order kinetics results in transformation rate constants that increase from 0.006 min −1 at −50 mA to 0.185 min −1 at +100 mA (SI Table S1 ). A linear correlation between TCE degradation rate constants and applied currents on the iron electrode is determined as: 
where k 1 and I are the pseudo first-order degradation constant (min
) and the current (mA), respectively (Figure 1b) . To Figure 1 . Effect of applied current through iron electrodes on (a) TCE degradation and (c) persulfate decomposition; correlation of (b) TCE degradation rate constants on current and (d) iron production rate constants on persulfate decomposition rate constants. Unless otherwise specified, the reaction conditions are based on 0.40 mM initial TCE concentration, 5 mM initial Na 2 S 2 O 8 concentration, and initial pH of 5.6. Solution pH decreases to about 3 during treatment. The curves and lines in (a) and (c) refer to the fittings by pseudo first-order and pseudo zero-order kinetics for the data points in the same color, respectively.
Environmental Science & Technology This suggests that TCE degradation can be quantitatively controlled, i.e., accelerated or inhibited, by adjusting the current applied to the iron electrode. However, this relationship may be affected by the presence of redox-sensitive components (e.g., organic matter, Fe 2+ , Mn 2+ , etc.) in groundwater. 10−12 During the course of degradation, the solution pH decreased to 3.0 due to production of more H + from persulfate decomposition and Fe 2/3+ hydrolysis than production of OH − at the cathode under all currents, 5, 16 and the ORP increased to 520 mV (versus Ag/ AgCl) (SI Figure S3) .
(b). Persulfate Decomposition. Figure 1c presents the decomposition of persulfate at different currents with iron electrodes. The decomposition is not significant at currents less than −10 mA but is enabled as the current increases. The trend is relatively consistent with the degradation of TCE. Theoretically, persulfate decomposes by accepting electrons (eq 1). 5 In the electrolytic system containing an iron electrode, the electron donors include (1) Fe 2+ produced from the electrochemical corrosion of iron (eq 6), (2) 
The faster decomposition of persulfate as the current increases confirms the contribution of Fe 2+ produced from the electrochemical corrosion of iron. Likewise, the decomposition of persulfate when no current is applied (0 mA) proves the contribution of Fe 2+ from the chemical corrosion of iron. The contributions of Fe 2+ regenerated from Fe 3+ reduction on the MMO cathode and of the electrons donated by the MMO cathode are investigated in a divided electrolytic system. Both TCE degradation and persulfate decomposition are significant in the anodic compartment but are slightly slower than those in the undivided electrolytic system under identical conditions (Figure 2 ). This further validates the contribution of Fe 2+ produced from the electrochemical corrosion of iron and the limited impact of the cathode reaction. The slight difference reflects the secondary contribution of Fe 2+ regenerated from Fe 3+ reduction on the MMO cathode. 29, 30 The regeneration of Fe 2+ from Fe 3+ is effective in the electrolytic system (SI Figure  S4) . In contrast, both TCE degradation and persulfate decomposition are negligible in the cathodic compartment ( Figure 2 ). Electrochemical measurements also reveal that reduction of persulfate on the iron or MMO cathode is not significant within the range of potentials tested in this study (SI Figure S5) . As a consequence, the contribution of electrons donated by the MMO cathode to persulfate decomposition can be precluded. It is thus concluded that persulfate is mainly decomposed by Fe 2+ produced from the electrochemical and chemical corrosion of iron as well as from the reduction of Fe 3+ on the MMO cathode.
To evaluate the relative importance of electrochemical versus chemical corrosion of iron for Fe 2+ production, the production of iron species was measured. As the concentration of total Fe 2+ is below the detection limit (0.03 mg/L) under strongly oxidizing conditions, the production of total iron ions is presented (SI Figure S6a) . Iron production increases as the current increases through the iron electrode. The production follows pseudo zero-order kinetics (SI Table S1 ). The rates of iron production correlate well with the rates of persulfate decomposition (R 2 = 0.933, −10 mA ≤ I ≤ 100 mA, Figure  1d ), further supporting that the production of iron ions predominantly contributes to persulfate decomposition. The production of iron in the electrolytic system is compared in the tests with and without addition of 5 mM persulfate (SI Figure  S7) . At −50 mA, production of iron is minimal with or without persulfate. When the current increased to 0 mA, production of iron is significantly enhanced by the addition of persulfate, indicating the predominant contribution of chemical corrosion.
Production of Fe
2+ from the chemical corrosion of iron even when it is negatively polarized is reported in our recent investigation. 40 At a higher current of +50 mA, production of iron is slightly enhanced by the addition of persulfate. The slight enhancement suggests that electrochemical corrosion is the predominant mechanism for iron production. As a result, the importance of chemical corrosion declines with increasing the current applied through the iron electrode, while the importance of electrochemical corrosion increases. This conclusion is also supported by the current efficiency for iron production at different currents (SI Figure S6b) . The contribution of Fe 2+ regeneration from Fe 3+ reduction on the MMO cathode is also supposed to increase as the current increases because it is an electrochemical reduction, but the importance is minor.
Electrolytic Manipulation of Persulfate Reactivity for TCE Degradation. As the degradation of TCE is linearly ). The significant dependence of persulfate reactivity on the current can be attributed to the current-dependent production of Fe 2+ , which was proven to be responsible for persulfate activation in this system. The slight degradation with the application of −50 mA current in both sequences is due to the regeneration of Fe Chlorine evolution may occur in the presence of chloride when the polarity of the MMO is reversed to positive (see anode potentials in SI Table S1 ). The accumulation of chlorinated organics can be decreased through subsequent degradation when a positive current is applied to the iron electrode.
The decomposition of persulfate is also dependent on the current applied to the iron electrode (Figure 3b) . The decomposition is moderate in the first 10 min without polarization (k 0 = 0.008 ± 0.001 mM/min), nearly stalled by application of −50 mA current from 10 to 20 min (k 0 = 0.000 ± 0.004 mM/min), and is enhanced by application of +50 mA current from 20 to 30 min (k 0 = 0.018 ± 0.001 mM/min). In the test with a different sequence of polarization, the decomposition is enhanced by application of +50 mA current from 10 to 20 min (k 0 = 0.020 ± 0.001 mM/min) and is almost stopped with application of −50 mA current from 20 to 30 min (k 0 = 0.002 ± 0.000 mM/min). The extremely slow decomposition of persulfate with application of −50 mA indicates that the concentration of persulfate after injection into the subsurface can be artificially maintained when the degradation is not desired. As an important conclusion, it is feasible to electrolytically manipulate both persulfate decomposition and TCE degradation using an iron electrode.
Mechanisms of TCE Degradation. (a). Radical Scavenging Studies. For the degradation of organic contaminants by Fe 2+ activated persulfate, SO 4
•− is generally assumed as the dominant radical. 5, 24, 42 Nevertheless, the contribution of ·OH in activated persulfate oxidation has recently been recognized 20, 21, 24 and is experimentally validated to be even more pronounced than that of SO 4 •− for Fe(II) activated persulfate. 25 In this study, TBA (k
) are used to evaluate the relative contribution of SO 4 •− and ·OH because of their different reaction rates. 10, 17, 20, 43 Figure 4a shows that TCE degradation is markedly inhibited by the addition of 60 mM TBA, and the inhibition slightly increases by the addition of 300 mM TBA. This implies that 300 mM TBA is sufficient to scavenge ·OH. The rate constants of TCE degradation without scavenging agents and with 300 mM TBA are 0.125 ± 0.010 and 0.039 ± 0.003 min −1 , respectively. Thus, the relative contribution of · OH is calculated to be 68.8% (SI Section S1). By the addition of 60 mM methanol, the inhibition is similar with that of TBA. However, the addition of 300 mM methanol increases the inhibition, decreasing the rate constant to 0.026 ± 0.003 min −1 . The difference between the inhibition by the addition of TBA and methanol can be attributed to the contribution of SO 4
•− . The relative contribution of SO 4 •− is calculated to be 10.4% (SI Section S1). This suggests that ·OH produced from SO 4 •− (eq 5) plays a much more important role than SO 4 •− for TCE degradation, which agrees with recent findings in the literature. 20, 25 The sum of contributions of ·OH and SO 4 •− is less than 100%, suggesting the involvement of other degradation pathways which are not identified.
(b). ESR Studies. The radicals are further measured by ESR assay. Figure 4b reveals that the signals for the combination of persulfate and iron anode at +50 mA are much higher than the signals for each independently. The characteristic 1:2:2:1 spectrum of DMPO/·OH adduct with hyperfine coupling constants of a N = 14.9 G and a H = 14.9 G is clearly observed, 10, 25, 44 validating the production of ·OH. A DMPO/ SO 4 •− adduct with hyperfine splitting constants of a N = 13.3, a H = 9.3, a H = 1.3, and a H = 0.8 G 10,21,25 also appear but shows much lower intensity compared with DMPO/·OH. The ESR spectra coincide with those reported. 10, 21, 25 ESR results further support that SO 4 •− and ·OH are the oxidizing radicals responsible for TCE degradation. Electrolytic manipulation of (a) TCE degradation and (b) persulfate decomposition by periodically applying different currents. Unless otherwise specified, the reaction conditions are based on 0.79 mM initial TCE concentration, 5 mM initial Na 2 S 2 O 8 concentration, and initial pH of 5.6. Note that a higher initial concentration of TCE is used to attain pronounced variation of degradation rates in each stage. Solution pH decreases to about 3 during treatment. k 1 and k 0 refers to the pseudo first-order rate consants of TCE degradation and pseudo zero-order rate constants of persulfate decomposition, respectively. The curves and lines in (a) and (b) refer to the fittings by pseudo firstorder and pseudo zero-order kinetics for the data points in the same color, respectively. (c). Evolution of Degradation Intermediates. Degradation of TCE by activated persulfate is evaluated by the concentration decrease in previous studies, 10, 11, 19, 22, 25 which neglects the fate of TCE and the potential risk of degradation intermediates. In this study, the evolution of degradation intermediates was quantified, demonstrating the accumulation of organic acids intermediates aside from the mineralization product of CO 2 (Figure 4c ). The mass balances for carbon and chlorine indicate nearly complete recovery of carbon and chlorine in these intermediates. Waldemer et al. recovered 80− 90% chloride for oxidation of TCE by SO 4 •− produced from heat-activated persulfate but did not present the quantitative evolution of degradation intermediates. 19 Different organic acids are measured for the oxidation of TCE by ·OH produced from Fenton-based processes depending on the reaction conditions. 32, 45 A simple comparison of intermediates formation is difficult because of limited data available on the intermediates from persulfate oxidation of TCE. The intermediates accumulated herein are similar but not identical to those reported for the oxidation by ·OH produced from Fenton-based processes. 32, 45 The difference can be attributed to the contribution of SO 4 •− in addition to ·OH. In general, SO 4
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•− is more selective for electron transfer reactions than ·OH which can rapidly undergo reaction by hydrogen abstraction or addition. 22, 41, 46 Note that dichloroacetic acid, a likely human carcinogen, 47 accumulated significantly; a longer degradation time is necessary for its elimination even though TCE would have been completely removed. As such, application of activated persulfate oxidation of TCE in groundwater should be carefully monitored to ensure complete degradation of transformation byproducts.
Inhibition of Heavy Metal Mobilization.
To test the mobility of heavy metals during treatment, 10 mg/L Cu 2+ was added to the solution. For the case of transformation of 0.40 mM TCE by 2 mM persulfate at +100 mA, Figure 5a shows that the solution pH and ORP are maintained at about 3.2 and 450 mV (versus Ag/AgCl), respectively, within 45 min before the disappearance of TCE and persulfate. In this stage, Cu 2+ concentration is about 9 mg/L (Figure 5b) , implying a strong mobility potential. After 45 min of electrolysis and the disappearance of TCE and persulfate, a continuation of the electrolysis produces sufficient Fe 2+ for persulfate decomposition (eq 6), and the simultaneous production of OH − from the cathode (eq 8) neutralizes the acidity. Production of Fe 2+ decreases ORP but increases pH through hydrolysis, while production of OH − increases pH. The incomplete hydrolysis of Fe 2+ (pK sp, Fe(OH)2 = 16.31) implies the excess of OH − for pH increase. As a consequence, the solution ORP quickly drops to −60 mV (versus Ag/AgCl), and the solution pH quickly increases to 7 after 45 min (Figure 5a ). The concentration of Cu 2+ decreases to a low level of 0.17 mg/L (Figure 4b ) due to precipitation by OH − and adsorption by Fe-hydroxides under neutral conditions. Therefore, continuing the electrolysis after dissappearance of contaminants and persulfate provides an effective approach to restoring groundwater chemistry, i.e., pH and ORP, thus inhibiting the mobilization of cationic metals. In addition, under the developed Fe(II)-rich conditions, many toxic anionic metals such as chromium, arsenic, selenium, and uranium can be immobilized as well. 48, 49 Nonetheless, metals may be mobilized away from the electrodes prior to pH restoration when groundwater flows at a high rate. In this case, periodical treatment with injection of low concentrations of persulfate is necessary to inhibit metal mobilization.
Implications. The manipulation of persufate reactivity for TCE degradation is achieved by adjusting the current applied to an iron electrode. Fe 2+ produced from the iron decomposes and activates persulfate producing strongly oxidizing SO 4 •− and · OH radicals, thus degrading TCE. Compared with the activation by citrate chelated Fe 2+ , this new means of activation achieves similar efficiency for TCE degradation (SI Figure S8) . Although iron anode activation consumes electricity to reach similar efficiency, it would be feasible to control the rate of contaminant degradation when applied in situ. Compared with existing activation methods, the new activation method devoped in this study has the potential advantage of restoring groundwater pH and ORP to natural levels and reducing the risk of heavy metal mobilization.
In situ manipulation of persulfate reactivity can be efficiently achieved by inserting iron electrodes into wells in the contaminated zone. The conceptual model of the manipulation is illustrated in SI Figure S9 . Except persulfate, the activating (Fe 2+ ) and other (OH − ) chemicals are all produced in situ. Notably, the presence of chloride and bicarbonate in groundwater may affect the efficiency because both anions compete with contaminants for the oxidizing radicals, and bicarbonate buffers pH variation. 19, 50 Groundwater background components such as organic matter, Fe
2+
, and Mn 2+ may inevitably contribute to persulfate activation, thereby decreasing the effectiveness of electrolytic manipulation. As the cotransport of Fe 2+ with persulfate in the subsurface is difficult, the radius of influence of this new activation method is another challenge, which needs further investigation.
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